Triethylammonium sulfate, triethylammonium dihydrogen phosphate and triethylammonium tetrafluoroborate were applied as ionic liquid catalyst and medium for the esterification of carboxylic acids with primary alcohols. Esterification of aliphatic carboxylic acids in the presence of triethylammonium sulfate gave the corresponding esters in excellent yield. The ionic liquid and ester formed separate phases in the reaction facilitating separation of the product.
Introduction
Esterification of carboxylic acids with alcohols is a reaction of industrial importance. 1 Several bulk and fine chemicals are produced in this manner in chemical, petrochemical and pharmaceutical industries. The Fischer esterification is a reversible reaction which requires acid catalyst. The equilibrium is pushed to the product side by taking excess of a reactant and/or by continuously removing the water formed in the reaction. Sometimes it is necessary to employ an additional solvent to carry over the water in the form of azeotrope. Such operations require large energy input to recycle the solvents and the excess reactants. The loss of volatile organic solvents to the atmosphere results into increase in the cost of production and also damage to the environment. Currently, ionic liquids have been receiving a lot of attention as green catalyst and medium for a variety of reactions.
2 A number of Brønsted acidic ionic liquids have been reported as catalyst and also medium in the esterification reactions. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The water formed in the reaction is taken up by the ionic liquid and the ester product forms a separate phase. Therefore, high conversions have been achieved by use of ionic liquids with a convenience of separation of the ester product from the catalyst. This is a definite advantage using ionic liquids over the homogeneous catalytic reactions where the product is separated from the catalyst by costly processes such as distillation. Use of ionic liquids, which are practically nonvolatile, obviates the need of volatile organic solvents. The majority of the ionic liquids reported for esterification are imidazole [3] [4] [5] [6] [7] [8] [9] [10] [11] and pyridine 7, 8, 13 derivatives. Most of these are synthesized in two or more steps using expensive materials. In the present paper we report, for the first time, application of simple triethylammonium salts (1-3) as Brønsted acidic catalyst and medium for esterification of carboxylic acids with primary alcohols. 
Results and Discussion
The conditions for the esterification reaction were optimized with acetic acid and 1-octanol as substrates in the presence of the ionic liquid 1. The results are shown in the Table 1 . Use of 20 mmol of both, acetic acid and 1-octanol, and 1 g of the salt 1 gave the corresponding ester in 77% yield (Entry 1). Use of 20% excess of alcohol resulted in 81% yield of the ester (Entry 2). Extending the reaction time to 6 h has practically no effect on the yield indicating that the reaction is complete in 4 h (Entry 3). Increase of the reaction temperature to 110 o C or use of double amount of the ionic liquid has marginal effect on the yield of the ester (Entries 4 and 5). Employing 20% excess of the acid also led to a small increase in the yield of the ester (Entry 6). However, nearly quantitative yield of n-octyl acetate was obtained when the alcohol to acid ratio was changed to 2 (Entry 7). Application of the ionic liquid, triethylammonium dihydrogen phosphate (2) to the esterification of acetic acid with 1-octanol gave the corresponding ester in low yield (Entry 8). Similarly, triethylammonium tetrafluoroborate (3) showed poor activity under these conditions (Entry 9). The nature of the anion is known to influence the activity of ionic liquids in the esterification reaction. 8 Lower acidity of anions in the ionic liquids 2 and 3 appears to be the reason for their poor activity. This was supported by the observation that the yield of the ester increased to 90% when the reaction in the entry 9 was performed after adding catalytic amount of p-toluenesulfonic acid (Entry 10). The ionic liquid and ester formed separate phases in all the experiments. The ionic liquid 1 could be recycled at least two times with practically no loss of the activity. The data of recycle experiments is shown in the Table 2 . The fresh ionic liquid gave 98% yield of n-octyl acetate. The ionic liquid layer was separated and dried under vacuum (3-4 mm) at 60 o C for 3 h. The regenerated ionic liquid was used again for the esterification. The ionic liquid 1 was applied to the esterification of various acids with primary alcohols. The results are shown in the Table 3 . Esterification of acetic acid with 1-butanol, 1-octanol, 1-dodecanol, and benzyl alcohol gave the corresponding esters in nearly quantitative yield (Entries 1-4). Similarly, esterification of butyric acid and nonanoic acid afforded their butyl esters in excellent yields (Entries 5 and 6). Acrylic acid selectively gave n-butyl acrylate in high yield (Entry 7). Esterification of cyclohexane carboxylic acid, benzoic acid, and p-hydroxybenzoic acid resulted in moderate yields of the corresponding butyl esters (Entries 8-10). In general, aliphatic carboxylic acids showed much higher reactivity in this reaction as compare to the aromatic ones. Interestingly, no separate phases were formed in the reactions involving an aromatic substrate (Entries 4, 9, 10). The standard work up procedure was applied to isolate the products in these reactions. This indicates unique solubility behaviour of the ionic liquids. We have demonstrated application of ionic liquids derived from a simple amine for the Fischer esterification to obtain the esters in high yield without use of the organic solvents and with a convenience of the product separation from the catalyst. Our efforts are directed at screening more such ionic liquids for the Fischer esterification to further understand the structure-activity relationship in this system.
Experimental Section
General Procedures. All the chemicals were of reagent grade and used as received. Melting points were determined with Sanyo Gallenkamp MPD350 apparatus and are uncorrected. The moisture content of the ionic liquids was determined with Mettler DL-18 Karl Fischer titrator. The IR spectra were recorded on Perkin-Elmer Spectrum 1 FTIR.
1 H NMR (300 MHz) spectra were recorded on Varian Mercury-300 spectrometer. Analysis of the reaction product was performed on a Schimadzu 15A gas chromatogram fitted with a flame ionization detector. A capillary column, Innovax, 60 M length and 0.32 mm ID was used. Esters were identified by gas chromatographic comparison with their authentic samples. Quantification of the product was done by application of the GC response factors generated using the authentic samples of the esters. The ionic liquids (1-3) were prepared by the literature methods.
14 Triethylammonium sulfate (1). 14 2 g, 20 mmol ), 1-octanol (3.12 g, 24 mmol) and ionic liquid (1 g) were taken in a round bottom flask fitted with a reflux condenser and a nitrogen balloon at the top of it. The flask was flushed with nitrogen and immersed in an oil bath. The contents of the flask were magnetically stirred and the oil bath temperature was maintained at 90 o C for 4 h. The reaction mixture was cooled to room temperature and the two layers separated. The top layer which contained the ester product was analyzed. 
